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abstract
A nanosecond pulsed Nd:YAG ﬁbre laser with wavelength of 1064 nm was used to texture several
different steels, including grade 304 stainless steel, grade 316 stainless steel, Cr–Mo–Al ‘nitriding’ steel
and low alloy carbon steel, in order to generate surfaces with a high static friction coefﬁcient. Such
surfaces have applications, for example, in large engines to reduce the tightening forces required for
a joint or to secure precision ﬁttings easily. For the generation of high friction textures, a hexagonal
arrangement of laser pulses was used with various pulse overlaps and pulse energies. Friction testing of
the samples suggests that the pulse energy should be high (around 0.8 mJ) and the laser pulse overlap
should be higher than 50% in order to achieve a static friction coefﬁcient of more than 0.5. It was also
noted that laser processing increases the surface hardness of samples which appears to correlate with
the increase in friction. Energy-Dispersive X-ray spectroscopy (EDX) measurements indicate that this
hardness is caused by the formation of hard metal-oxides at the material surface.
& 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/3.0/).
1. Introduction
Surface engineering is a common application for high power
lasers and a signiﬁcant amount of research is currently taking place
in this ﬁeld. This is partly driven by the beneﬁts, particularly for
industrial applications, that can be gained from improvements in
the surface properties of engineering materials. Lasers have many
properties which are advantageous for use in surface engineering
such as their ﬂexibility, accuracy, speed, lack of tool wear as well as
the negligible effect the processes have on the properties of the bulk
material [1,2]. There are other methods which have been used to
modify surface properties, such as electron beam treatment [3,4],
chemical treatment [5], plasma treatment [6],e l e c t r i cd i s c h a r g e[7]
and sand blasting [8], each of which are used for a variety of
applications within surface engineering.
One of the most studied applications for laser surface texturing
is the reduction of friction, both static and kinetic. This application
is primarily based on the generation of indentations in the
material surface which can then be ﬁlled with lubricant. The
indentations therefore act as micro-hydrodynamic bearings [9],
lubricant reservoirs or as traps for wear debris [2,10], depending
on the lubrication regime. These indentations can take various
forms. Most commonly, simple ‘dimples’ are generated in an array
by ablation at discrete locations, with dimensions varying from
50–300μm diameter with 5–80 μm depth [11,12]. Other feature
geometries may also be used such as micro-grooves, which can be
manufactured by the ablation of a series of parallel lines [13].
Another approach is the generation of a ‘cross-like’ structure using
laser interference metallurgy [14]. The key parameters for gen-
erating a low friction surface appear to be the dimple density,
diameter and depth [13,15,16]. In most cases, a dimple density in
the region of 5–10% appears to be most effective at reducing the
friction coefﬁcient [13,16], however dimple dimensions are more
dependent on the contact regime [15]. As a result, with the
selection of the correct parameters for the desired application,
laser surface texturing can lower the coefﬁcient of friction by 20%
or more [13,14].
Despite all the current research in the ﬁeld of laser texturing for
friction applications, very little appears to have been reported with
regards to actively increasing the friction coefﬁcient of a surface.
It has been shown that laser surface texturing can increase the
friction between two components under certain conditions
[15,17]; however, at present, this has only been reported for
sliding friction tests where increased friction is undesirable due
to the resulting increase in wear. Applications for high static
friction surfaces include the reduction of the tightening forces
required for a joint or to secure a precision ﬁtting easily [18]. These
applications are particularly relevant where the components in
question are very large and so are expensive and/or difﬁcult to
machine with the required precision.
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surface features followed by initial design and testing of laser
generated, high friction surfaces. Applications for such high fric-
tion surfaces include friction discs [18]. MAN Diesel & Turbo
(MDT), for example, are looking for a reliable method of generat-
ing high static friction surfaces (ms40.6) for use in components of
large engines. The work detailed in this paper aimed to achieve
static friction coefﬁcients of more than 0.6 for applied normal
forces in the range 20-60 kN, as required for this application.
Unlike the textures generated for friction reduction, where arrays
of discrete dimples are normally used, here pulses were over-
lapped to generate rougher surfaces.
2. Experimental
2.1. Experimental set-up
Prior to performing friction tests, the size and shape of laser
induced craters and troughs were characterised for various pro-
cessing settings, in particular pulse energy and number of pulses.
For this characterisation, a pulsed SPI 20WL laser (M
2 1.8) was
used with wavelength of 1064 nm, pulse duration of  200 ns,
maximum pulse energy of 0.8 mJ and nominal spot size of
 50 mm (1/e
2 of maximum intensity). The low cost, high ﬂexibility
and acceptable absorption of this wavelength make this type of
laser well suited for surface texturing. The craters were made by
1–5 pulses repeated in the same location whilst the troughs were
created by generating a line of overlapping pulses using a pulse
repetition rate of 25 kHz and varying the laser scan speed. The
laser beam was scanned using a galvanometric scanner with an F-
theta focussing lens and controlled by a PC using SCAPS Samlight
software. Initial characterisation tests were performed on com-
mercially available, grade 304 stainless steel (SS304) with further
tests performed on Cr–Mo–Al ‘nitriding’ steel in order to conﬁrm
the observed trends. The laser processing set-up used is shown in
Fig. 1.
2.2. Characterisation and texturing
A matrix of individual craters was generated on the SS304 by
varying the pulse energy between 0.16 mJ and 0.8 mJ and varying
the number of pulses for each crater between 1 and 5. The depth
and diameter of these craters were then measured with an optical
microscope (Leica DM6000M) with depth measurement capability.
By varying the laser scan speed between 62.5 mm/s and
1250 mm/s, lines were generated for a range of laser pulse over-
laps (from 0% to 95%). This was performed on the nitriding steel at
two selected pulse energies, 0.4 mJ and 0.8 mJ, with the width and
depth of the resulting troughs measured optically.
A two dimensional ‘hexagonal’ arrangement of pulses was
used, as shown in Fig. 2, in order to generate a homogeneous
surface structure with the aim of achieving a consistent friction
coefﬁcient, regardless of the direction of motion. Three different
materials were used for friction testing; Cr–Mo–Al ‘nitriding’ steel,
stainless steel grade 316 (SS316) and low alloy carbon steel.
The design of this pulse layout was maintained throughout;
however the laser pulse overlap was used as a variable. This was
achieved by modifying the scan speed and hatch distance, h. The
pulse overlap was calculated as follows:
Overlap¼
∅ ðRep: Rate   vÞ
∅
  100% ð1Þ
where ∅ is the pulse width (laser beam diameter), v is the scan
speed and Rep. Rate is the pulse repetition rate. In order to
maintain the hexagonal shape of the pulse layout, the hatch
distance must also be altered accordingly:
h¼ cos ð301Þ ð Rep: Rate   vÞ: ð2Þ
2.3. Measurement and testing
As mentioned in Section 2.2, an optical microscope was used to
obtain both images and depth data for the processed samples. This
data also allowed surface roughness parameters to be calculated
prior to the friction testing. In order to test the friction coefﬁcient
of the textured samples, both (opposite) faces of the samples were
processed and then placed in the friction testing set-up, as shown
in Fig. 3a.
The sample to be tested is placed between two standard
counter surface pieces (untextured, made of low alloy steel ground
to Ra¼0.4 mm) which are held within two larger steel blocks, as
seen in Fig. 3b. The counter surfaces in the testing set-up are
untextured due to the MDT application, where texturing of the
complete engine component is unfeasible and so only a thin shim
is to be textured and placed between the components. The cavities
in which the counter surface pieces are held are shallow, such that
the counter surfaces protrude from the surfaces of the steel blocks,
thus allowing the sample to be in contact only with the two
counter surfaces. Normal force is applied to the sample, through
the counter surface pieces and steel blocks (and load cell), by two
high strength steel bolts. For the MDT application, the normal
force is required to be between 20 kN and 60 kN; providing a
pressure of 50–150 MPa on the surfaces of the sample. A miniature
load cell (strain gauge) is used to measure the force which is
applied to the sample directly. This set-up can be seen in Fig. 3,
with the sample in place and ready to test with a hydraulic press
(100 kN Dartec).
Once the normal force has been applied to the sample by
tightening the two bolts appropriately, the test set-up is moved to
Fig. 1. Schematic of laser processing workstation with the ﬁbre laser and galvo
scanner controlled by the PC software and controller.
Fig. 2. Schematic of ‘hexagonal’ laser pulse layout used for high friction texturing
where d is pulse diameter, s is the pulse separation and h is the hatch distance.
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recorded on a PC along with the ‘stroke’ distance) to the sample
which is gradually increased until the sample slips. The force
applied at the point of slipping denotes the maximum load force,
Fmax, which is used to calculate the coefﬁcient of static friction, as
follows:
μs ¼
Fmax
2N
ð3Þ
where N is the normal force applied to the sample by the bolts.
The factor of two relates to the fact that both surfaces of the
sample are under test. Upon slipping, the sample was deemed to
have ‘failed’, as a real component would require replacement at
this point for the MDT application, and so testing of the samples
was stopped at this point.
Hardness testing was performed on the laser textured surfaces
using a diamond tipped Vickers hardness macro-indenter using a
load of 30 kg f for  10 s. The resulting indents were then measured
optically with the Vickers hardness calculated as follows:
Hv ¼
2F sin 1361=2

d
2 : ð4Þ
3. Results and discussion
3.1. Characterisation of individual craters
3.1.1. Impact of laser pulses
The effect of increasing number of pulses was studied. The
number of pulses per crater was varied between one and ﬁve for
each array of craters generated at various pulse energies. Crater
depth was found to increase linearly with number of pulses for
pulse energies greater than the ablation threshold ( 0.2 mJ,
 10 J cm
 2), as shown in Fig. 4.
The results show an approximately linear trend which conﬁrms
that each pulse (with energy above the ablation threshold)
removes approximately the same depth of material from the
crater. Given that the temporal pulse spacing is sufﬁcient to allow
the sample to reach thermal equilibrium between consecutive
pulses and the change in depth being signiﬁcantly less than the
Rayleigh range ( 1.8 mm) of the focussed laser beam, this was the
expected result. The diameters of the craters were then measured.
Fig. 5 shows that the diameter of the crater is independent of
the number of pulses used. Since the laser pulses are repeated at
the same point on the sample, the area of the crater where the
laser ﬂuence is above the ablation threshold remains constant and
so the diameter of the crater remains constant, regardless of the
number of pulses.
3.1.2. Impact of pulse energy
By replotting the data from Section 3.1.1, the dependence of the
crater depth and diameter on the pulse energy can be observed, as
shown in Fig. 6.
In contrast to the results where the number of pulses was
varied, the crater depth was found to be almost unchanged by
changes in pulse energy when above the ablation threshold, whilst
the diameter increased linearly with pulse energy. The crater
Fig. 3. Friction testing set-up on the Dartec hydraulic press with sample held by the normal force, which is applied by the two bolts (a) and schematic of testing rig showing
sample, counter surfaces and applied forces (N denotes normal force) from top-down view (top) and side-on (bottom) views (b).
Fig. 4. Crater depth as a function of number of pulses for different pulse energies.
Fig. 5. Crater diameter as a function of number of pulses for different pulse
energies.
A. Dunn et al. / Optics and Lasers in Engineering 62 (2014) 9–16 11diameter, however, is very much dependent on the area of the
central part of the beam for which the ﬂuence exceeds the ablation
threshold, explaining the dependence on pulse energy. The results
shown in Figs. 4–6 are the averages of 3 separate measurements
obtained from the optical microscope mentioned in Section 2.2.
The error bars plotted on these graphs are the standard deviations
of three measurements for each point and, as can be seen from the
ﬁgures, is typically «5 μm, indicating that the features formed by
the laser pulses are very uniform. This agrees with what was seen
by visually inspecting the sample after laser processing.
From these results, which are largely in agreement with those
obtained by Vilhena et al. [15] for both pulse energy and number
of pulses, it is clear that it is possible to independently control both
crater depth and diameter. Thus, by using the correct number of
pulses and pulse energy used to generate the crater, the crater
dimensions that are required can be easily obtained.
3.2. Overlapping pulses
Prior to generating area textures, the effect of overlapping
pulses was studied on nitriding steel. By using a laser repetition
rate of 25 kHz and varying the beam scan speed between
62.5 mm/s and 1250 mm/s, pulse overlaps in the range of 0–95%
were achieved and used to machine single lines.
Fig. 7 shows that the depth of the trough generated increased
linearly with the number of pulses per distance; here 50 μmw a s
chosen as this corresponds to the nominal spot diameter. This is in
agreement with the individual crater results which showed
a linear increase with number of pulses. The observed difference
between the two pulse energies is likely due to the difference in
area which is ablated with each pulse; clearly the area for 0.4 mJ
pulses is smaller. As a result, the effective pulse overlap is decreased
and so the depth per pulse achieved is signiﬁcantly lower. The
widths of the troughs were also measured, as shown in Fig. 8.
The widths of the troughs were found to be independent from
the pulse overlap, in agreement with the independence of the
crater diameter from the number of pulses. The trough generated
with pulses of 0.8 mJ was also found to be wider than the 0.4 mJ
trough, as predicted from the individual crater results.
3.3. Friction and hardness
3.3.1. Pulse overlap and pulse energy
Following the results obtained in Sections 3.1 and 3.2, the effect
of varying pulse energy and pulse overlap on the friction coefﬁ-
cient was examined. Pulse energies of 0.4 mJ and 0.8 mJ were
chosen for the initial study as these are both above the ablation
threshold ( 0.2 mJ,  10 J cm
 2), determined from the individual
crater analysis, whilst generating very different surface structures.
For the 0.4 mJ pulses, the surface features were dominated by melt
effects, as shown in Fig. 9a, whereas for 0.8 mJ pulses the ablation
was much more apparent (shown in Fig. 9b). As a result, the higher
energy pulse texture gives a ﬁne, rough surface whilst the texture
obtained from the low energy pulses give a smoother surface.
Pulse overlap was varied between  50% and 85% in the hexagonal
arrangement outlined in Section 2.2 in order to achieve a range of
surface roughness values. From the results shown in Section 3.2,
higher pulse overlap was expected to give larger peak-to-trough
heights and result in higher surface roughness' and friction
coefﬁcients.
The initial friction tests were performed using the set-up
described in Section 2.3 with a normal force of 60 kN (150 MPa).
These tests were carried out on nitriding steel samples with the
results shown in Fig. 10.
When the textures are generated by 0.4 mJ pulses, there is
a general trend of the friction coefﬁcient increasing with pulse
Fig. 6. Crater depth (top) and diameter (bottom) as a function of pulse energy for
different number of pulses.
Fig. 7. Average trough depth as function of spatial pulse density.
Fig. 8. Trough width as a function of pulse overlap.
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higher pulse energy, this trend is also visible (with the exception
of  25% pulse overlap), with a greater increase in friction
observed at high pulse overlaps (450%). For these textures, the
load force required to cause the sample to slip exceeded the
100 kN force available from the hydraulic press and, as a result, the
friction coefﬁcient in this region is at least 0.83, however it was
not possible to determine the exact value. Following these results,
the normal force applied in later tests was reduced to 40 kN
(100 MPa). It is clear from the results that using higher pulse
energies consistently gives higher friction coefﬁcients for the same
value of pulse overlap. Also, a value of ms¼0.22 was obtained for
the as-received nitriding steel under the same testing conditions,
shown as the horizontal trace in Fig. 10 for comparison. The
‘failure’ of the textured component is not tolerable for the MDT
application and, as a result, the minimum friction coefﬁcient of
0.6 includes a safety margin such that slipping of the textured
component should never occur. As a result, damage is only a
concern if the component in question is required to be taken apart
for maintenance and there is a release of hard, loose material into
the main engine assembly. The textured shim would normally be
replaced at this point anyway. These more practical aspects of the
application are yet to be studied in detail.
Fig. 11 shows that increasing the pulse overlap also increases
the arithmetic average (Sa) surface roughness of the sample, as
was expected, however the roughness does not appear to corre-
spond to the measured friction coefﬁcients. The same trend was
observed for several different surface roughness parameters,
including RMS roughness (Sq) and peak-to-trough depth (St),
indicating that, although it will undoubtedly have some effect,
the surface roughness is not the most important parameter
contributing to the static friction coefﬁcient.
Cross-sections of the laser textured samples are shown in
Fig. 12. The surface roughness (Sa) of the original ground surface,
shown in Fig. 12a, was measured to be  0.4 mm. Fig. 12b shows
some modulation of the sample surface, however the overall
roughness is still comparable to the ground surface. However,
Fig. 12c shows a very different structure with the increased
roughness and apparent islands of material (which are still
connected to the surface out of the plane of the section shown
in the image) caused by the ablation and melt ejection processes,
respectively. The change in pulse overlap was also found to change
the overall visual appearance of the sample dramatically, as shown
in Fig. 13.
It is assumed that this colour change is caused by signiﬁcant
oxidation of the steel surface [19,20], with the effect being more
pronounced due to the increased energy, and therefore heat, input
at higher pulse overlaps. This oxidation, combined with the
increased roughness and associated light trapping at high pulse
overlaps, can result in extremely dark matt surfaces. It is assumed
that the metal oxides formed at the steel surface increase the
surface hardness, thus contributing to the friction increase in this
region.
3.3.2. Material comparison
The dependence of the friction coefﬁcient on the sample
material was also investigated, using the nitriding, low alloy and
grade 316 steels mentioned in Section 2.2. As before, the pulse
Fig. 9. Micrograph of 0.4 mJ (a) and 0.8 mJ (b) pulse textures at  25% pulse overlap showing melt and ablation features, respectively.
Fig. 10. Dependence of friction coefﬁcient on pulse overlap for low (0.4 mJ) and
high (0.8 mJ) pulse energies with the result obtained from untextured samples
given as a baseline (normal¼60 kN).
Fig. 11. Arithmetic average surface roughness, Sa, as a function of pulse overlap.
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the results shown in Fig. 14. The pulse energy used for all samples
was 0.8 mJ.
The general trend of increasing friction coefﬁcient with pulse
overlap is still visible here, however the maximum friction
coefﬁcient achieved is signiﬁcantly lower than the results reported
in Section 3.3.1. This is likely due to the decrease in the normal
force applied to the samples (from 60 kN to 40 kN), reducing the
true contact area between the two surfaces as the deformation
taking place at the surfaces is reduced, however further experi-
ments are required to conﬁrm this. There is also a clear difference
in the friction coefﬁcients achieved by the different materials,
particularly in the case of the low alloy steel. This is most evident
at higher overlaps, where the low alloy steel samples consistently
provide  0.1–0.15 lower friction coefﬁcient compared to the other
two sample materials. Unprocessed samples were found to give
friction coefﬁcients in the region of 0.2-0.25 for each of the three
materials.
Fig. 15 shows the optical micrographs of the three different
materials after processing (at 50% pulse overlap); the varying effect
of the processing on these materials is visible here, particularly for
the SS316, however the appearance of the surface is evidently not
solely responsible for the achieved friction coefﬁcient.
The processed samples were then tested for hardness, as
described in Section 2.3. The results, shown in Fig. 16, show that
the laser texturing process increases the surface hardness com-
pared to the as-received sample material. There is also a clear
trend of the surface hardness increasing with pulse overlap. The
increase in hardness is assumed to facilitate the embedding of the
rough sample into the comparatively soft (low alloy) counter-
surface when the normal force is applied, increasing the ploughing
forces required to move the sample relative to the counter-
surfaces. The measurements for both friction and hardness for
each sample were therefore plotted against each other, as shown
in Fig. 17.
Even with a limited sample size, there appears to be an
approximately linear correlation between the surface hardness of
the sample and the friction coefﬁcient which can be achieved.
It should be noted, however, that whilst most of the measure-
ments point towards this linear relationship, there are some
outlying points and so more data should be taken to conﬁrm
this trend.
3.4. Scanning electron microscopy (SEM) analysis
SEM and EDX measurements were then taken on a variety of
differently processed samples in order to conﬁrm which metal
oxides are present after laser texturing. Fig. 18 shows several
different oxides which are formed on SS316 after laser texturing
using a very high pulse overlap (90%). Both thick (up to  20 μm)
and thin ( 0.3μm) oxides generated are chromium rich but also
contain nickel and molybdenum. When these measurements were
performed on nitriding steel the resulting oxide formation was
found to be aluminium and iron rich. These compounds, particu-
larly chromium and aluminium oxides, are very hard materials and
so cause the increase in material hardness observed in Section
3.3.2. The low alloy steel does not contain Cr or Al which may
explain why this material obtained the lowest friction coefﬁcients
(as seen in Fig. 14). The SEM image (top) in Fig. 18 shows a cross-
section of the textured surface, with the areas selected for EDX
analysis highlighted with four black squares. The thin oxide layers
can be seen as thin lines between areas of the base material.
4. Conclusion
The effect of pulse energy and number of pulses on grade 304
stainless steel was examined, with the results providing a basis for
a study into the application of nanosecond laser texturing for the
generation of high friction surfaces.
In the generation of individual craters, increasing the laser
pulse energy increases crater diameter whereas increasing num-
ber of pulses increases the crater depth thus allowing independent
control over the crater dimensions by optimising laser parameters.
Fig. 12. Cross-sections showing (a) untextured (b) 0% overlap at 0.8 mJ and (c) 75% overlap at 0.8 mJ on SS316.
Fig. 13. SS316 sample with different laser processing pulse overlaps for compar-
ison; from left to right: unprocessed,  25%, 0%, 25%, 50% and 75%.
Fig. 14. Friction coefﬁcients as a function of pulse overlap for 3 different materials
with the same pulse parameters (25 kHz, 0.8 mJ pulse energy).
A. Dunn et al. / Optics and Lasers in Engineering 62 (2014) 9–16 14This can also be used for overlapping pulses in the generation of
lines, where the trough width and depth can be controlled by
pulse energy and pulse overlap, respectively. As a general trend,
increasing the pulse overlap when processing for high friction
applications leads to an increase in surface roughness and the
friction coefﬁcient obtained, however no direct correlation
between the two was found. Signiﬁcant oxidation was also
observed, particularly at higher pulse overlaps. Increasing the
pulse overlap was found to increase the surface hardness of the
sample, which appears to have a roughly linear relationship with
the obtained friction coefﬁcient. This is most likely due to the
formation of a thicker, hard metal oxide layer at the surface which
allows deeper embedding of the sample into the counter-surfaces
when the normal force is applied.
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